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57 ABSTRACT

A cobalt containing catalyst supported on a metal oxide suit-
able for performing a Fischer-Tropsch reaction. A pore vol-
ume of a metal oxide support, before loading of cobalt
thereon, is within the range of 0.35 to 0.6 cc/g. The support
has an average pore diameter before the cobalt loading and
reduction such that the effective average pore diameter after
cobalt loading and reduction is 14 nanometers or higher. A
cobalt loading of 11 weight % or higher is also provided. An
alpha value higher than 0.89 in a diesel to wax weight ratio
below 1.07 is provided.
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OPTIMIZED FISCHER-TROPSCH CATALYST

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/906,166, filed Nov. 19, 2013, which is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the production of heavy
hydrocarbon products from light gaseous hydrocarbons such
as natural gas, associated gas, coal seam gas, landfill gas, or
biogas. In particular, the present invention relates to optimi-
zation of a catalyst for performing a Fischer-Tropsch reac-
tion.

2. Related Art

Various processes are known for the conversion of carbon-
aceous feeds or light hydrocarbons containing gases into
normally liquid products such as methanol, higher alcohols
and hydrocarbon fuels and chemicals particularly paraffinic
hydrocarbons. Such processes are directed at the objective of
adding value to the feedstock by making a transportable,
more valuable product such as diesel fuel or jet fuel or chemi-
cals such as base oils or drilling fluids.

The Fischer-Tropsch process can be used to convert such
feedstocks into more valuable easily transportable liquid
hydrocarbon products and chemicals. The feedstock is first
converted to synthesis gas comprising carbon monoxide and
hydrogen. The synthesis gas is then converted to heavy hydro-
carbon products over a Fischer-Tropsch catalyst. The heavy
hydrocarbon products can be subjected to further workup by
hydroprocessing such as hydrocracking and/or hydroisomer-
ization and distillation resulting in, for example, a high yield
of high quality middle distillate products such as jet fuel or
diesel fuel. The heavy hydrocarbon products can also be
upgraded to specialty products such as solvents, drilling flu-
ids, waxes, or lube base oils due to the high purity of the
Fischer-Tropsch products.

Processes that convert light hydrocarbons to heavier
hydrocarbon products, for example, generally have three
steps: 1) conversion of light hydrocarbon feedstock to syn-
thesis gas comprising carbon monoxide and hydrogen; 2)
conversion of the synthesis gas to heavy hydrocarbons via the
Fischer-Tropsch reaction; and 3) hydroprocessing the heavy
hydrocarbon product to one or more finished hydrocarbon
products.

The design and optimization of the Fischer-Tropsch reac-
tor is of paramount importance for the technical and economi-
cal success of a plant for the conversion of synthesis gas into
hydrocarbons. A Fixed Bed Fischer Tropsch (FBFT) reactor
is a very simple effective reactor that is very scalable.

A FBFT reactor must meet many conditions such as mini-
mum complexity, ease of construction, minimum number of
tubes, high selectivity towards desired products, high per pass
conversion to avoid a second or a third stage, low pressure
drop, etc.

It follows that the design of a FBFT reactor cannot be done
without taking into account the characteristics and perfor-
mance of the Fischer-Tropsch catalyst to be used.

This is a technical challenge that involves many variables.
FIG. 1 is an attempt to visualize some of the main variables
involved and to clarify their interaction.

For example, while it is known that a high activity catalyst
is desired, this has an effect on the operating temperature

10

15

20

25

30

35

40

45

50

55

60

65

2

(“T”). If the operating temperature is too high, the Fischer-
Tropsch reaction rate will be high as well, increasing the
possibility of a temperature excursion or run away. To avoid
this, the reactor tube diameter (“D”) has to be smaller to
facilitate the radial heat transfer. The overall heat transfer also
increases with the gas linear velocity (“LV”), but increasing
the linear velocity increases the pressure drop (“AP””) from the
top to the bottom of the reactor.

To lower the pressure drop at any given set of conditions,
the catalyst particle size has to increase, which may result in
poor selectivities due to diffusion considerations. An alterna-
tive would be to lower the tube height, although this could
decrease the per pass conversion (“PP CO cony™) of the
carbon monoxide and, therefore, either increase the internal
recycle or add another Fischer-Tropsch stage to reach the
desired total CO conversion. This could also result in a larger
number of shorter reactors therefore increasing the plant
complexity and the capital cost. While taking all these con-
siderations into account, the selectivity towards the desired
products must not decrease.

It is therefore apparent that while the reactor design has to
be easy to fabricate, it has to take into account the catalyst
performance. The catalyst has to be large enough to minimize
the pressure drop and to allow for an optimal reactor height
based on a targeted CO per pass conversion, but not so large
that it will cause a negative effect of the diffusion on the
desired selectivity.

At the same time, the catalyst particle has to minimize the
diffusion effect for any given particle size. This can be
achieved by having pores of a diameter large enough so that
the product’s selectivity is not affected. On the other hand, a
large pore diameter, associated with a pore volume large
enough to accommodate a selected amount of Fischer-Trop-
sch active metal such as cobalt without narrowing the pore
diameter too much and, therefore, cause diffusion problems,
will weaken the mechanical strength of the catalyst particle. A
low catalyst particle mechanical strength will cause catalyst
breakage during the catalyst loading step and therefore
increase the pressure drop to levels above design.

It is therefore necessary to develop a support for a Fischer-
Tropsch catalyst that can meet all the above expectations in
order to design a technically and economically viable Fis-
cher-Tropsch process.

The current state of the art for fixed bed Fischer-Tropsch
catalysts does not address all these issues and the technology
described in the open art and in the patent literature is typi-
cally focused on a few of these considerations at a time,
ignoring the negative effect that optimizing only one variable
may have on the other variables.

Another problem in the art is the “open” optimization of the
targeted parameters. That is, the optimized parameter ranges
from a certain value to an infinite or zero value. In those cases,
following the teachings may lead to technical failures.

Because of the above considerations, it is necessary to
develop a Fischer-Tropsch Fixed Bed catalyst that can meet
all the requirements for the construction of a technically and
economically viable Fischer-Tropsch reactor for the selective
conversion of synthesis gas into valuable hydrocarbon prod-
ucts. It is also desirable to develop a Fischer-Tropsch slurry
bubble column reactor catalyst that can meet all the require-
ments for the construction of a technically and economically
viable Fischer-Tropsch reactor for the selective conversion of
synthesis gas into valuable hydrocarbon products.

SUMMARY OF THE INVENTION

This invention deals with the development of an optimized
Fischer-Tropsch catalyst that has enhanced selectivity



US 9,180,436 B1

3

towards desirable Fischer-Tropsch products while at the same
time having mechanical strength as well as pressure drop
characteristics and intrinsic activity suitable for optimal
design and use in commercial Fischer-Tropsch Fixed Bed
reactors.

The catalyst of the present invention has a defined pore
volume, a defined average pore diameter, and a defined par-
ticle size.

While examples given and optimal support particle size
discussion herein are related to a fixed bed reactor, the cata-
lyst of the present invention could also be provided in a
powder form and be useful in a slurry bubble column reactor
(“SBCR?”). For a SBCR, the particle size will be defined by
the available spray dried support material typically in the 20
to 250 um range, not the optimum support size for diffusion
considerations described herein for a fixed bed reactor of
between 0.4 and 1 mm.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a chart with parameters for the design of
an optimal Fischer-Tropsch fixed bed reactor according to the
present invention.

FIG. 2 illustrates a graph of catalyst activity versus metal
loading.

FIG. 3 illustrates a graph of support particles crushing
strength versus pore volume.

FIG. 4 illustrates a graph of the total amount of active metal
impregnation versus support pore volume.

FIG. 5 illustrates a graph of methane selectivity versus
average support pore size.

FIG. 6A, FIG. 6B and FIG. 6C illustrate graphs of average
support pore diameter versus surface area.

FIG. 7 illustrates a graph of pressure drop versus catalyst
particle diameter.

FIG. 8 illustrates a graph of experimental methane selec-
tivity versus predicted selectivity.

FIG. 9 illustrates a graph of experimental methane selec-
tivity versus predicted selectivity.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The embodiments discussed herein are merely illustrative
of specific manners in which to make and use the invention
and are not to be interpreted as limiting the scope of the
instant invention.

While the invention has been described with a certain
degree of particularity, it is to be noted that many modifica-
tions may be made in the details of the invention’s construc-
tion and the arrangement of'its components without departing
from the spirit and scope of this disclosure. It is understood
that the invention is not limited to the embodiments set forth
herein for purposes of exemplification.

A suitable Fischer-Tropsch catalyst has to have a high
intrinsic activity. Preferably, this high catalyst intrinsic activ-
ity can be used in a fixed bed reactor in order to have a
maximum productivity per unit volume while at the same
time meeting the desired heat transfer requirements.

If'the intrinsic activity of the catalyst is high enough so that
the potential productivity within the regime of desired selec-
tivities is more than that allowed by the overall heat transfer
coefficient, defined among other variables by the gas linear
velocity inside the reactor, then the operating temperature has
to be lowered in order to maintain the Fischer-Tropsch pro-
ductivity or reaction rate within the range of thermal stability
of the reactor.
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Lowering of the operating temperature for any given sup-
ported catalyst at a given set of operating conditions will
decrease the unwanted methane selectivity as well as increase
the selectivity towards valuable higher hydrocarbons.

When the cobalt is deposited in the catalyst by any suitable
technique, it is normally calcined to convert the deposited
cobalt into a cobalt oxide phase, prior to its reduction into
cobalt metal, typically using a hydrogen containing gas at
temperatures between 400° F. to 750° F. To facilitate the
reduction process, reduction promoters such as Pt, Ru, Cu,
Ag, Pd, or Re in amounts ranging from 0.01 to about 3 wt %
may be added. The function of these promoters is to enhance
the ease of reduction of the supported cobalt oxide into its
metal phase, which is the active phase for the Fischer-Tropsch
catalyst.

A second class of promoters is also used in the formulation
of the Fischer-Tropsch catalysts. This second type of pro-
moter has a range of different objectives. A non-restrictive list
of'such objectives include enhancing the mechanical strength
of'the support, its chemical resistance towards phase changes
of'the support during the Fischer-Tropsch reaction, to change
the support acidity or basicity, to lower the support activity, to
have a degree of control over the average cobalt crystallite
sizes and to modify the metal support interaction. Examples
of'second type of promoters are Mn, Ba, Si, Ti, Ce, Zr, La, Na,
K, Zn, Ag, Cu, Li, Ca, Cr, Ni, Fe, V, Sn, Ga, Sb, Th, and W in
amounts ranging from 0.1 to 15 wt %.

Catalyst Production/Activity Vs. Cobalt Loading

It is known by those familiar with the art that the catalyst
activity is a strong function, among other variables, of the
catalyst loading or the amount of active metal impregnated.
Since the active metal for the Fischer-Tropsch reaction is
cobalt in its metallic form, then it follows that the more cobalt
per catalyst particle external surface area, the higher the Fis-
cher-Tropsch activity.

For discussion herein, the definition of the active metal
loaded or Co wt % or cobalt impregnated or loaded is approxi-
mately 80% of the cobalt loaded as being in the metallic form
and 20% of the cobalt loaded being present as CoO after
reduction. That is, the sum of both the CO metal and CoO are
used to calculate the wt % of the cobalt loaded.

To ascertain the effect of catalyst loading on the Fischer-
Tropsch catalyst intrinsic activity, six catalysts were prepared
and tested in a fixed bed micro reactor with an ID of 12 mm,
a length of 40 cm, and loaded with Fischer-Tropsch catalyst
diluted in crushed particles of silicon carbide of roughly the
same size as the catalyst particles with a ratio of diluents to
catalyst of 6:1 by volume.

The catalysts were prepared by multiple impregnations of
a mixture of cobalt nitrate in water on an alumina support,
with calcinations in air in between impregnations to convert
the cobalt nitrate to cobalt oxide before the next impregna-
tion.

The range of operating pressures was from 390 to 415 psig
and the range of the operating temperature was from 390° F.
t0 415° F. The activity was calculated after about 120 hours on
line by means of the Huff-Satterfield kinetic equation, shown
below as Equation (1):

FT,==rco=Kgxe' “**PPy,P ool (1+a Peo) (6]

Where,

a=x1+x2xT(°K) 2)

FT,=-r, is the Fischer-Tropsch rate expressed in cc CO
reacted per cc catalyst per hour.
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P, and P, are the kinetic average partial pressures of CO
and H,, in atm

T is the reaction temperature, in ° K

AE is the activation energy

R is the Universal gas constant.

AE/R=-8000

“a” is the desorption coefficient, and

K, is the pre-exponential factor or catalyst intrinsic activity at
time “t”

The intrinsic activity of the catalyst is the activity to per-
form the Fischer-Tropsch reaction independently of the oper-
ating conditions under which the reaction is taking place.

By using Equation (1), all the 6 test runs can be compared
equally, irrespective of differences in the operating condi-
tions.

TABLE 1

Cat Co Operating Condition; FT Kt x

TestNo No Wt% P (psig) T (F) H2/CO  rate 107%°
1 A084 20 410 415 2.0 408 1.68

2 A087 20 400 415 2.0 380  1.70

3 A090 20 410 420 2.0 375 1.59

4 A097 30 410 404 2.0 660  2.75

3 A098 30 410 392 1.8 590  3.03

6 A229 40 390 380 2.0 444 413

The results from Tests 1 through 6 are shown in Table 1 and
are shown graphically in FIG. 2. Table 1 shows each of the
tests with the cobalt weight by percentage and the various
operating conditions. From the results, it is evident that the
higher the loading of the catalyst active metal, the higher the
Fischer-Tropsch activity. It is also evident that at some point,
the loading of too much active metal may result in the nar-
rowing of the pore diameter with a resulting diffusion related
higher methane selectivity and it may even reach regimes
where the activity actually decreases, as more metal is added.

This was not the case for the Tests 1 through 6, where the
activity versus metal loading showed an almost linear behav-
ior. By looking only at these examples, it seems clear it is
desirable to have as much active metal as possible on the
Fischer-Tropsch catalyst. In order to avoid the negative effect
of diffusion as the metal loading increases, the pore volume
should increase correspondingly.

Catalyst Commercial Preparation—Effect of Pore Volume

When preparing an aqueous impregnation of cobalt nitrate
on a metal oxide support, because of the limited solubility of
cobalt nitrate in water, there is a maximum amount of equiva-
lent active metal that can be deposited per impregnation step.
This maximum amount is also a function of the support pore
volume.

The higher the pore volume, the higher the amount of
active metal that can be deposited per impregnation step.

This is shown in FIG. 4, where the total amount of active
metal per impregnation has been calculated as a function of
the pore volume. The reduction of the pore volume after each
subsequent impregnation has been taken into account.

In a commercial preparation for an impregnated Fischer-
Tropsch catalyst, each impregnation is followed by drying
and calcinations in rotary kilns before the material is ready for
the next impregnation. This means that the higher the number
of impregnations to reach a targeted active metal loading, the
more expensive and complicated the catalyst commercial
manufacturing process is.

From FIG. 4, and from a commercial catalyst preparation
consideration, it can be observed that the catalyst pore volume
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6
should be as high as possible in order to achieve high cobalt
loading which is desirable in some commercial applications.
To determine the minimum amount of cobalt loading nec-
essary for a practical commercial application, a simulation of
different cobalt loadings and its effect on the reactor perfor-
mance is described in Example 1.

Example 1

As an example of the effect of the active metal loading or
catalyst intrinsic activity on the operating temperature of a
commercial Fischer-Tropsch Fixed Bed reactor, the loading
of 5 different catalysts was simulated, 10, 15 20, 30 and 40
cobalt wt % respectively, using a plug flow reactor model.

This model consists of 100 increments along the reactor.
After each increment, the new partial pressures, temperature,
and gas linear velocities are calculated. The rate of reaction
was calculated using Equation (1).

The desired gas inlet linear velocity, calculated on an
empty tube, was 24 cm/s, the catalyst bed height in this
example s 18 feet, and the pressure drop is 25 psi. The reactor
was running with a recycle ratio (mols recycle/mols feed) of
0.7 and the overall CO desired conversion is 90%.

The feed composition consists of 59.64 vol % H2, 28.92
vol % CO, 1.46 vol % CH4, 6.69 vol % CO2, and the balance
is N2 and Ar.

The calculated average reactor temperatures to achieve the
desired total CO conversion of 90% and the resulting methane
selectivities (using Equation (9) to be described later on) for
the different active metal loadings or cobalt wt % are:

Co Wt % 10 15 20 30 40
Temperature (° F.) 434 419 407 386 376
CH4 selectivity, C wt % 12.8 11.3 10.1 8.6 7.8

In a Fischer-Tropsch commercial plant, it is desirable that
the methane selectivity be below 12 wt %, preferably below
10 wt %. In general, as the methane selectivity increases, the
overall efficiency of the plant decreases. If the plant uses
natural gas as feed, then it is very negative from an economic
point of view to transform methane into synthesis gas and
then to react the synthesis gas in a Fischer-Tropsch reactor
and produce methane that is the plant original feed.

A cobalt loading of 10 wt % will have a low activity,
making it necessary to increase the operating temperature to
434° F., obtaining a methane selectivity of 12.8 C wt %.
Although the catalyst with cobalt loading of 15 wt % has a
methane selectivity below 12 wt %, therefore suitable for
commercial application, a catalyst with at least a 20 wt %
cobalt loading is preferred since its methane selectivity is
practically 10 C wt %

FIG. 3 also shows that after each impregnation, there are
decreasing increments in the total amount of active metal
loaded. For about 20 wt % of active metal and using 4 impreg-
nation steps, the pore volume should be higher than about
0.35 cc/g. A higher volume will decrease the number of
impregnation steps.

Effect of High Pore Volume on Catalyst Mechanical Strength

Support extrudates were prepared using commercially
scalable extruders at different conditions to ascertain the
effect of the preparation conditions on the support pore vol-
ume and on its mechanical strength.

The mechanical strength of the support is very important to
avoid particle breakage mainly during the impregnation and
calcination steps, as well as during the transport of the cata-
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lyst from the manufacturing plant to the Fischer-Tropsch
plant and the loading of the catalyst into the Fischer-Tropsch
reactor.

If there is particle breakage, the pressure drop during nor-
mal Fischer-Tropsch operation will be higher than designed
and, depending upon the extent of the breakage, the catalyst
may not even be suitable for loading or, if the breakage
occurred during loading, for operation. The minimum typical
catalyst crush strength for FTFB reactors is about 1 Ib. per

8

methane selectivity is defined as the percentage of the carbon
monoxide reacted that is converted to methane.

The open and patent literature discuss this issue, typically
referring to the pore diameter of the support, but not including
the narrowing effect of the loaded cobalt on the average pore
diameter as well as relating it with the necessary amount of
cobalt to be loaded for a practical commercial application.

Because of this narrowing effect, it is more accurate to use
the real pore diameter after the active metal has been loaded,

mm of extrudate. 10 calcined and reduced in order to ascertain the effect of pore
Because of the above considerations, a program was devel- diameter on the catalyst performance.
oped to identify the best set of conditions for the preparation In this invention, an effective average pore diameter is
of the catalyst support, as well as to identify the catalyst  described as the average pore diameter after loading of the FT
property/properties that influence the mechanical strength of ~ active metal precursor, calcinations to obtain the metal oxide,
the support. 15 and reduction to obtain the active metal. For the calculations,
The preparation of the different alumina supports studied  we assumed a typical total metal precursor reduction of 80%.
are as follows: In the case of cobalt, 80% of the cobalt loaded is reduced to
Prior to the water addition, the alumina support is calcined cobalt metal and about 20% remains as CoQ. This is, there-
at a temperature in excess of 1000° C. in order to measure the fore, the degree of reduction that is part of the definition of the
loss on ignition (“LOI”). This preliminary step is importantin 20 effective pore diameter. The densities used for this calculation
order to calculate the amount of water to be added to the were 8.9 g/cc for cobalt metal and 6.11 g/cc for CoO.
uncalcined alumina powder in order to obtain the desired LOI While it is understood that this is the typical degree of
for extrusion. For the purposes of this study, the targeted LOI reduction, in practice, the degree of reduction in a commercial
range was from about 46% to about 51%. In some cases, nitric Fischer-Tropsch reactor may have some degree of variation,
or citric acid were added as a peptizing agent. 25 although the effect will be minimal for the purpose of these
The alumina powder was placed in a container which could calculations.
be a mixer ora muller. The liquid solution (water or water plus The effective pore diameter is determined by calculating
an acid) was added and the mixture was mixed or mulled for  the volume of the impregnated active metal after the reduction
10 to 40 minutes. After this, the paste was transferred to an of the cobalt oxide and subtracting it from the original pore
extruder with 0.9 mm tri-lobe dies obtained from JMP Labo- 30 volume and recalculating the new pore diameter using the
ratories Inc. new pore volume and the initial surface area. A calculation
After extrusion, the extrudates were dried for about one example follows.
hour at 140° C. followed by calcinations for one hour at
temperatures from 900° C. to 975° C. The calcined extrudates Example 2
were tested for surface area, pore volume, pore diameter, and 35
individual particle crush strength. Calculation of the Effective Pore Diameter
The preparation conditions and the properties of the cal-
cined extrudates, ready for impregnation, are shown in Table For the same family of metal oxide supports, e.g. silica,
2. alumina, titania, etc., the average pore diameter, the total pore
TABLE 2
Sample # 1 2 3 4 5 6 7 8
CalcT,° C. 900 900 975 975 975 975 950 975
LOI 47.1 47 469 415 50 50.7 473 50
Wt % Nitric 0.00080 O 0 0 0 0 0.00080 O
Wt % citric 0 0 0 0 0 2 0 0
Mull time, min 20 20 30 10 10 20 10 20
SA, m2/g 83 81 76 74 68 68 80 79
MPV, mL/g 0.589 0595  0.575 0588 0603 0568  0.543 0.531
MPD, nm 225 233 231 227 26 257 21.2 223
Crush strength, 1.05 093 096 114 096 1.48 2.07 2.14
[b/mm
An analysis of the data showed that the most important volume, and the surface area are interrelated. Because of
parameter to predict the mechanical or crush strength of the 33 geometric considerations, changing two of these three vari-
extrudates is the pore volume. This is shown in FIG. 3, where ables will inevitably result in a different value for the third
the crush strength decreases as the pore volume increases. one. A typical equation used to express this relationship is
According to FIG. 3, and in order to have an extrudate shown in Equation 3 below:
crush strength of at least 1 1b/mm, the pore volume of the
support after calcinations and before impregnation must not 60 Avg Pore diameter (1m)=4000xPore volume (ce/g)/
exceed 0.6 cc/ml. Surface area (m/g) ®
Effect of Pore Diameter on Methane Selectivity Amount of reduced catalyst=100 g
Because of diffusion considerations, the pore diameter Cobalt loading=40 Wt % or 40 g
must not be too small if a high methane selectivity is to be Pre-impregnated support area and avg pore diameter=100
avoided. The effect of pore size on diffusion for FT catalysts 65 m2/gand 15 nm

is discussed in a paper by E. Iglesia, et al, published on
Advances in Catalysis, Volume 39, pages 221 to 302. The

Using Equation 3, the pore volume of the pre-impregnated
support is 0.38 cc/g
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Total pore volume for 60 g support=60 gx0.38 cc/g=22.5
cc

Amount cobalt metal, Co: 40 gx80% reduction=32 grams

Amount cobalt oxide, CoO=40 g-32 g&=8 ¢

Density Co and CoO=8.9 and 6.4 g/cc

Total volume Co and CoO=32 g/8.9 g/cc+8 g/6.4
g/cc=4.85 cc

Total pore vol after impregnations, calcinations and reduc-
tion=22.5-4.85=17.65 cc

New pore volume=17.65 cc/60 g support=0.29 cc/g
Assuming the same initial area and using equation (3), the
new average pore size diameter or effective average pore
diameter is 11.7 nm.

The use of this technique to calculate the effective pore
diameter is a simplification but it is believed to be better than
just calculating the new pore diameter by distributing the
cobalt volume evenly over the catalyst surface. This, because
the support is formed by an agglomeration of very small
particles, and the impregnated cobalt is deposited in between
them with a corresponding enhanced effect on the narrowing
of the pores (or open volume in between particles).

This approximation is believed to be more accurate than to
merely use the support pore diameter without taking into
account the narrowing of the pores effect due to the amount of
active metal to be loaded.

An example of the effect of the effective pore diameter on
the methane selectivity is shown in the following example.
The particle size of the catalysts tested in Table 3 was between
0.4 to 0.55 mm.

TABLE 3
Avg. pore Effective pore CH4 Selectivity
Test No. Cat. No. size, nm size, nm (C wt %)
1 A084 8.1 7.7 11.8
2 A087 16.6 15.7 10.5
3 A090 151 14.2 11.7
4 A097 8.1 7.4 15.5
5 A098 8.1 7.4 13.0
6 A229 17.5 14.9 8.5

The results from Table 3 are plotted in FIG. 5. As previously
discussed, in a commercial plant, it is desirable to have a
methane selectivity below 12 C wt %, preferably below 10 C
wt %. To achieve this, the effective pore diameter must be
greater than about 14 nm.

The effective pore diameter of greater than 14 nm must also
be expressed taking into account both the surface area and the
upper and lower limits for the total pore volume, defined by
the mechanical strength of the support and by the ease of
commercial manufacture of the catalyst, respectively.

For example, if a support of area 100m?/g is loaded with 40
wt % of the active metal, in order to have an effective pore
diameter of at least 14 nm, the support must have an average
pore diameter of 17.2 nm and a pore volume 0f 0.43 cc/g.

On the other hand, if a support has an area of 150 m?/g and
is loaded with the same amount of active metal, in order to
have an effective pore diameter of at least 14 nm, it must have
an initial average pore diameter of 16.2 nm and a pore volume
01'0.61 cc/g. Here, the pore volume is outside the mechanical
strength requirements.

If the support has an area of 70 m*/g and loaded with the
same amount of active metal, in order to have an effective
pore diameter of at least 14 nm, it must have an initial average
pore diameter of 18.6 nm and a pore volume 0f 0.3 cc/g. Here,
the pore volume is outside the catalyst commercial manufac-
ture requirements as the pore volume is too low.
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Since the pore volume, pore diameter, and surface area are
interrelated, as shown by Equation (3), it is possible to derive
a general equation that calculates the minimum average pore
diameter of the support so that after impregnations, calcina-
tions, and reduction of the active metal or cobalt, the effective
pore diameter is at least 14 nm.

Because the extent of narrowing of the pore is a function of
the amount of active metal loaded, this general equation will
apply only for a specific amount of cobalt loaded.

For each specific amount of cobalt loaded, e.g., 20, 30 and
40wt % cobalt, a set of calculations were performed, each one
for a different support surface area. The purpose of these
calculations was to determine the initial support average pore
diameter (before the cobalt loading and reduction) so that, for
example, for a support of 100 m2/g and 30 wt % cobalt
loaded, the effective average pore diameter will be 14 nm.

The results obtained are shown in FIG. 6A. This Figure
shows the average pore size diameter before impregnation
that the support must have so that, after the cobalt loading and
reduction, the effective average pore diameter is 14 nm. As
expected, each specific amount of cobalt loading has its own
curve. A statistical regression using a power type equation
(solid lines in FIG. 6 A was not very efficient to predict the
data.

Further analysis of the data gave a maximum correlation
factor (r*) of 0.997 when a constant (in this case 32 m2/g) was
subtracted from the surface area. The results are shown in
FIG. 6B.

The equations shown in FIG. 6B as a function of the wt %
of cobalt loading are shown in Equations (4a), (4b), (4c) and
(44d).

Cobalt

loading Equation

15 wt % Support avg pore diam = 17.485 (Area-32)°%3% (4a)
20 wt % Support avg pore diam = 19.012 (Area-32)"°%%2 (4b)
30 wt % Support avg pore diam = 22.9 (Area) %083 (4c)
40 wt % Support avg pore diam = 28.427 (Area) %118 (4d)

The above equations are of the form:

Y=a X* )]

It is possible to generalize Equations (4a) to (4d) by describ-
ing “a” and “b” in Equation (5) as a function of the cobalt
loading.

A statistical regression was performed and the results are

shown in Equations (6a) and (6b):

a=0.4372xwt % cobalt+10.48 (6a)

5=0.0113-0.0032xwt % cobalt (6b)

A parity plot to test the accuracy of equations (6a) and (6b)
showed that the equations are very accurate, with correlation
factors (r?) of 0.987 and 0.998 respectively.

By combining Equations (4a to 4d) with Equations (6a)
and (6b), it is possible to arrive to a general equation that
defines the average pore diameter that the support must have,
before cobalt loading and reduction, in order to have an effec-
tive pore size diameter of 14 nm. This general equation is
shown as Equation (7).

Support APD=(0.4372xwt % Co+10.48)x
(Area—32)(0:0113-0003212 % Co)

M
Where the average pore diameter or APD is expressed in nm
and the surface area in m*/g.

A comparison between the prediction of Equation (7) ver-
sus the calculation procedure shown in Example 2 for the
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calculation of the effective average pore diameter was per-
formed for the range of 15 to 40 wt % of cobalt and areas from
40 to 200 m2/g. The accuracy of Equation (7) was +/-2%.

The requirement for the effective average pore diameter for
an optimum Fischer-Tropsch catalyst, as previously dis-
cussed, is that it must be at least 14 nm. This condition is now
reflected in Equation (8).

Support APD=or >(0.4372xwt %

(Area_32)(0.0113—0.0032xwt % Co)

Co+10.48)x
®)

From the above discussions, the optimum characteristics for
the metal oxide support, for example alumina, for a Fischer-
Tropsch cobalt catalyst must be such that the conditions in
Equation (8) must be met within a pore volume range of
between 0.35 to 0.6 cc/g.

When taking into account that the support pore volume
must be between 0.35 cc/g to 0.6 cc/g, then it is possible to
delineate a region where all the requirements of pore volume
(for mechanical strength and manufacturing considerations)
and minimum effective pore diameter are met, that is, an
optimal region. An example of this optimal region, for a
cobalt loading of 30 wt %, is shown in FIG. 6C as a shaded
area.

The lower limit of the shaded area is defined by Equation
(4c) (although Equation (7) would produce the same curve).

The limit on the right side of the shaded area is defined by
a curve for a pore volume of 0.6 cc/g. The curve has been
constructed by replacing the “Pore Volume” in Equation (3)
by 0.6. Any average support pore diameter before impregna-
tion and reduction above this curve will have a pore volume
greater than 0.6 cc/g and is outside the acceptable character-
istics of an optimum support.

The limit on the left side of the shaded area is defined by a
curve for a pore volume of 0.35 cc/g. The curve has been
constructed by replacing the “Pore Volume” in Equation (3)
by 0.35. Any average support pore diameter before impreg-
nation and reduction below this curve will have a pore volume
lower than 0.35 cc/g and is outside the acceptable character-
istics of an optimum support.

The upper limit of 40 nm in FIG. 6C is defined by the effect
of the average pore size on the cobalt crystallite size and,
therefore, on the dispersion of the cobalt metal and its effect
on the catalyst activity.

When the cobalt is loaded on a metal oxide support and
reduced, its physical form is in spherically shaped crystal-
lites. Typically, the crystallite size is present in different sizes,
ranging from about 2 to about 35 nm or higher. It is known
that the larger the average pore size, the larger the average
crystallite size (e.g. U.S. Pat. No. 7,541,310, FIG. 4). The
crystallite cannot be larger than the specific “pore” or space in
between support aggregates inside which it grows. A support
with an average pore diameter of 40 nm may result in cobalt
crystallites with an average size of 30 nm or higher, depend-
ing onthe amount of cobaltloaded. An average crystallite size
0130 nm will result in a cobalt dispersion of about 3%. This
means that only 3% of the cobalt metal is present in the
external surface area of the spherical crystallite and available
to catalyze the Fischer-Tropsch reaction, while the remaining
97% of the cobalt is inside the spherical crystallite, unable to
contribute to the reaction.

While larger crystallites are easier to reduce and more
resistant to re-oxidation, they result in a low dispersion and,
therefore, lower catalyst activity for the Fischer-Tropsch
reaction. On the other hand, smaller crystallites, although
they have a potentially larger percentage cobalt metal on the
external surface of the spherically shaped crystallite, are more
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difficult to reduce and tend to re-oxidize (and therefore deac-
tivate the catalyst) faster than the larger crystallites.

Because of the above considerations, an optimum average
cobalt crystallite size should be larger than about 5 nanom-
eters and smaller than about 30 nm.

These considerations are the basis for the upper limit of 40
nm for the average pore diameter of the support before cobalt
impregnations and reduction shown in FIG. 6C.

The same approach can be taken for other cobalt loadings
to produce Figures similar to FIG. 6C.

All the shaded area that delineates the optimal average pore
size of the support before cobalt loading and impregnation as
a function of wt % of cobalt and support surface area before
impregnation and reduction, by means of Equation (8), the
two equations derived from Equation (3) for pore volumes of
0.6 cc/g and 0.35 cc/g and an upper limit for the average pore
diameter of the support of 40 nm.

Effect of Extrudate Diameter

While the support can be an extrudate, tablet, oil drop
sphere, crushed and sieved particle or any other shape known
to one skilled in the art, extrudate is the preferred shape for
our invention.

There are two main effects of the extrudate diameter
besides its obvious influence on the mechanical strength for
the optimization of a Fischer-Tropsch catalyst for application
in a fixed bed reactor: the pressure drop, which increases as
the extrudate diameter decreases; and the methane selectivity,
which increases considerably above a critical extrudate diam-
eter.

A higher pressure drop inside the catalyst bed will also
require a higher inlet pressure to maintain a targeted average
reaction pressure, therefore resulting in a larger gas compres-
sor and higher operating costs. In the case of more than one
Fischer-Tropsch stage, the compression requirements
become even more relevant and costly.

A high pressure drop will also require a higher mechanical
strength of the catalyst particles, particularly if they are in the
shape of extrudates, to avoid their breakage, which in turn will
further increase pressure drop.

Because of the above considerations, it is preferable to
develop catalyst particles that will, because of their physical
characteristics, cause a pressure drop as low as possible under
any given set of operating conditions.

FIG. 7 shows the expected pressure drop in psi/ft for a fixed
bed reactor running at typical commercial conditions. For
these calculations, the Ergun equation was used below, and a
syngas feed with an H,/CO ratio of 2:1, 10% inerts (e.g.
nitrogen), 350 psig inlet reactor pressure, a CO per pass
conversion of 60%, and an alpha value of 0.92. The particle
size ratio of Length/Diameter used was 2:1.

Notice that the pressure drop shows an exponential type of
response with the catalyst particle size, being particularly
pronounced for particle sizes below 0.4 mm.

Because of this behavior, and due to pressure drop consid-
erations, it is preferred that the extrudate have a diameter
larger than 0.4 mm.

The effect of the catalyst particle size on the undesirable
methane selectivity is shown in Table 4. In this example, all
the catalysts supports were prepared using the same batch of
alumina to avoid the possible effect of the metal oxide support
on the methane selectivity. They all have similar effective
pore diameter that are within the target limits described by
FIG. 6C.
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TABLE 4

Effect of the particle size on the methane selectivity

Diameter Temp Press  H2/ CO Conv CH4 sel
Catalyst  pm °F. psig COin % Wt %
A0084 1000 Extrudate 410 420  1.9-2 30-35 27
CO133-1 800 shaped 394 405 1.94 56 11.9
extrudate
A0087 500-600 415 420 1.3-2 65-70 9-11
crushed
A00108 500 extrudate 395 400 1.9 57-65 8-9.3
A00216 400 extrudate 380 400 2 30 5-7

Table 4 shows that, in spite of optimal support characteristics
as described by the present invention, methane selectivity is
still strongly influenced by the particle size. The methane
selectivity increases with the catalyst particle diameter,
although the selectivity value shows a jump when the catalyst
particle, in this case the extrudate diameter, reached a value of
1000 pm, or 1 mm.

This large increase in the methane selectivity is present
even though the range of operating conditions falls within the
group range. Therefore, it is preferable that the catalyst par-
ticle size be below 1 mm diameter.

To further ascertain the effect of the catalyst particle size, a
predictive equation (Equation 6) for the methane selectivity
was developed by means of varying the temperature and the
partial pressure of reactants and products. The micro reactor
runs also included different Fischer Tropsch reaction rates,
expressed in ccCO reacted per cc catalyst per hour and three
different catalyst extrudate diameters: 0.4, 0.6 and 0.8 mm.

This predictive methane selectivity equation was devel-
oped for catalysts with a support that falls within the optimal
shaded region in FIG. 6C. The range of operating conditions
used for the development of Equation (6) is shown in Table 5.

TABLE §

Range of operating conditions for the
development of Equation (7)

FT rate 128 1084
H2/CO ratio 1.27 2.04
PH2 2.1 11.3
PCO 1.6 5.8
PH20 0.4 29
t 100 3600

T 375 395
CH4 Sel 6.4 18.8

CH,Sel,_~3.48x10670-06AERDxp, %

Peo "2 P Vo4 CF )
The CF term is the correction factor for the FT rate and the
particle diameter, expressed as:

CF=((0.0312xPD)xFT rate—(6.264xPD-1.518))

Where:

CH4 Sel=% Mols CO reacted converted to CH4

t=run time in hours

AE/R=-6000

T=Temperature in K

Pi’s=Partial pressures in atm

PD=Catalyst extrudate diameter in mm

FT rate=cc CO reacted per cc of catalyst per hour
A parity plot for the experimental methane selectivity versus
the predicted selectivity using Equation (6) is shown in FIG.
8. From this figure, it is apparent that Equation (6) is very
accurate for the prediction of the methane selectivity (C wt %)
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as a function of the operating conditions, time on line, the
catalyst extrudate diameter, and the Fischer-Tropsch reaction
rate. Notice that catalyst extrudates of about 0.8 mm diameter
had a methane selectivity well below 10 C wt %.

The inclusion of the Fischer-Tropsch reaction rate in Equa-
tion (9) is due to the effect of high reaction rates on the
diffusional load of the catalyst pores. It is not sufficient to
determine the effect of the particle diameter without taking
into account the reaction rate. For example, if a catalyst of 1
mm diameter is operated under conditions of very low CO
conversion or reaction rate, its effect on the selectivities will
be either very small or negligible. This, however, would not
be practical from a commercial point of view.

If we choose to ignore the combined effects of the particle
diameter and of the reaction rate as expressed in Equation
(10), equation (9) becomes:

CH, Sel,_=3.48x 106 0-C6AERDxp,
PC071'2 *PH2070'6

an

FIG. 9 shows the same parity plot as that in FIG. 8, but now,
using Equation (11). An examination of FIG. 8 clearly shows
the failure of Equation (11) for the prediction of the experi-
mental methane selectivity. This also confirms the strong
effect of'the increasing catalyst particle size on increasing the
methane selectivity, which is enhanced even more at high
Fischer-Tropsch reaction rates.

Preferred Fischer-Tropsch Selectivity

The product’s selectivity for the Fischer-Tropsch products
can be conveniently defined by the chain growth probability
of the growing hydrocarbon chain absorbed on the active
metal. This chain growth probability is commonly referred to
as “alpha” value, or “a”

Alpha is a measure of the probability that an adsorbed
growing chain will either desorb and exit the catalyst pore
without further growth or grow by one more carbon number.
Normally methane and, to a certain extent, C2 hydrocarbons
do not follow this rule, but for the C3+hydrocarbons, alpha is
independent of the carbon number. Therefore, by definition,
alpha can be calculated using Equation (12):

Alpha=Mols C,,,  in products/Mols C,, in products

Where n>2.

Whether the Fischer-Tropsch plant is oriented towards
fuels or chemicals, it is preferable to have the primary prod-
ucts from Fischer-Tropsch as heavy as possible. This is
because if the plant is wax or lubes (made from the Fischer-
Tropsch wax) oriented, then the higher the alpha value the
higher the selectivity of the plant towards those desired prod-
ucts. Ifthe plant is fuel oriented, the Fischer-Tropsch wax will
be subject to a hydrocracking process to convert it to naphtha
and diesel. In this case, the higher the alpha value the higher
the plant total selectivity towards diesel and the lower the
plant total selectivity towards naphtha.

The Fischer-Tropsch diesel has a cetane number in excess
ot 70, zero sulphur compounds, and practically zero aromat-
ics. This makes it an excellent blend stock with crude derived
diesel. Because ofthese properties, diesel is the preferred fuel
product from low temperature Fischer-Tropsch plants.

The Fischer-Tropsch naphtha, on the other hand, although
it also has zero sulphur and has practically zero aromatics, is
composed by about 97% of linear hydrocarbons and, there-
fore, its octane value is very low. This means that naphtha
does not have much value as fuel unless it undergoes severe
hydrotreatments that lowers its yield substantially.

Table 6 shows the primary Fischer-Tropsch selectivities as
well as the final plant selectivities after the wax was treated in
the hydrocracker. It can be shown graphically that there is an

(12)
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inflexion point with diminishing returns for the selectivity of
wax or for the selectivity of diesel as the final plant product.
This point with diminishing returns is at about an alpha value
01 0.89. At this point, the diesel to wax weight ratio is 1.07.

Because of the above reasons, an optimum Fischer-Trop-
sch catalyst should have an alpha value of at least 0.89.

TABLE 6

Effect of the alpha value on the selectivity of the
Fischer-Tropsch primary products and on the plant final products

Alpha value 093 092 091 0.9 0.89  0.88 0.87
Products

Fischer-Tropsch primary products
C2to C4 349 446 552 6.67 790 919 1055
Naphtha 10.14 1242 1472 17.03 19.29 2149 23.61
Diesel 2427 2746 30.08 3214 33.64 3461 3510
Wax 5449 4807 4207 3656 31.57 2710 2314
(C20+)
Weight 045 057 072  0.88 1.07 1.28 1.52
ratio
diesel/wax

Overall Plant final products

C2to C4 5.5 6.2 7.1 8.1 9.2 10.4 11.62
Naphtha 22.1 231 241 253 265 278  29.10
Diesel 64.9 63.1 611 59.0 367 542  51.68

Overall C5+ Plant final products
Naphtha 2541 2675 2830 30.03 3191 3391 36.02
Diesel 7459 7325 7170 69.97 68.09 6609 6398

Example of the Performance of a Catalyst Prepared Accord-
ing to the Teachings of the Prevent Invention

A support with physical properties within the shaded area
of FIG. 6 was impregnated multiple times with a solution of
cobalt nitrate diluted in water following the incipient wetness
impregnation procedure. After each impregnation, there was
a calcination step at about 300° C. to decompose the nitrate
into oxide. This procedure was repeated until the total amount
of active metal was about 40 wt %.

About 5 cc of catalyst was loaded in a micro reactor, diluted
in silicon carbide in a proportion of 6 to 1. The catalyst was
reduced at a temperature of about 245° C. for 36 hours, after
which the syngas feed was introduced to the reactor. The
reactor run continued without any interruptions for catalyst
regeneration or rejuvenation for over 4000 hours. The results
obtained are shown in Table 7 below. The methane selectivity
is lower than 12% and the alpha value is higher than 0.89.

TABLE 7

Performance of a catalyst prepared according
to the teachings of the present invention

hrs on line 800 1200 3000 4000
Pressure, psig 405 405 405 405
Temperature, ° F. 375 378 380 384
H2/CO in 1.62 1.62 1.65 1.65
% CO conversion 50.5 54.3 56.7 60.1
FT rate of reaction 465 467 413 410
¢cCO conV/ee cat’h

CH4 selectivity (C wt %) 7.9 7.2 6.7 6.6
CO2 selectivity (C wt %) 0.65 0.64 0.68 0.74
Alpha value 0.92 0.93 0.93 0.93

Whereas, the present invention has been described in rela-
tion to the drawings attached hereto, it should be understood
that other and further modifications, apart from those shown
or suggested herein, may be made within the spirit and scope
of this invention.

15

20

25

30

35

40

45

50

55

60

65

16

What is claimed is:

1. A cobalt-containing catalyst supported on a metal oxide
support, useful for performing the Fischer-Tropsch reaction
in a fixed bed reactor, which catalyst comprises:

a. a metal oxide support having a pore volume, before
loading of cobalt thereon, within the range 0f 0.351t0 0.6
celg;

b. the metal oxide support having an average pore diameter,
before the cobalt loading and reduction, as defined by
the following equation:

Support APD=(0.4372xwt % Co+10.48)x
(Area—32)(0:0113-0003212 % Co)

such that the effective average pore diameter, after cobalt
loading and reduction, is 14 nm or higher;

c. a catalyst particle size of between 0.4 to 1 mm;

d. a mechanical strength of the catalyst, if in extrudate

form, of at least 1 1b/mm;

e. a methane selectivity of below 12 (Carbon) wt %;

f. a cobalt loading of 11 wt % or higher;

g. an alpha value of higher than 0.89; and

h. a diesel to wax weight ratio of below 1.07.

2. The catalyst of claim 1 wherein the catalyst further
comprises one or more promoters chosen from the group
consisting of: Pt, Pd, Ru, Re, Cu and Ag in amounts ranging
from 0.01 to 3 wt %.

3. The catalyst of claim 1 wherein the catalyst further
comprises one or more promoters chosen from the group
consisting of: Mn, Ba, Si, T1, Ce, Zr, La, Na, K, Zn,Ag, Cu, Li,
Ca, Cr, Ni, Fe, V, Sn, Ga, Sb, Th and W in amounts ranging
from 0.1 to 15 wt %.

4. The catalyst of claim 1 wherein the metal oxide is chosen
from the group consisting of: silica, alumina, titania, zirconia
or combinations thereof.

5. The catalyst of claim 4 wherein the metal oxide is alu-
mina.

6. A cobalt-containing catalyst supported on a metal oxide
support, useful for performing the Fischer-Tropsch reaction
in a slurry bubble column reactor, which catalyst comprises:

a. metal oxide support having pore volume, before loading

cobalt thereon, within the range of 0.35 to 0.6 cc/g;

b. the metal oxide support having an average pore diameter,

before the cobalt loading and reduction, as defined by
the following equation:

Support APD (0.4372xwt % Co+10.48)x
(Area—32)(00113-00032012 % Co)

such that the effective average pore diameter, after cobalt
loading and reduction, is 14 nm or higher;

c. a catalyst particle size of between 20 to 250 um;

d. a methane selectivity of below 12 (Carbon) wt %;

c. a cobalt loading of 11 wt % or higher;

f. an alpha value of higher than 0.89; and

g. a diesel to wax weight ratio of below 1.07.

7. The catalyst of claim 6 wherein the catalyst further
comprises one or more promoters chosen from the group
consisting of: Pt, Pd, Ru, Re, Cu and Ag in amounts ranging
from 0.01 to 3 wt %.

8. The catalyst of claim 6 wherein the catalyst further
comprises one or more promoters chosen from the group
consisting of: Mn, Ba, Si, T1, Ce, Zr, La, Na, K, Zn,Ag, Cu, Li,
Ca, Cr, Ni, Fe, V, Sn, Ga, Sb, Th and W in amounts ranging
from 0.1 to 15 wt %.

9. The catalyst of claim 6 wherein the metal oxide is chosen
from the group consisting of silica, alumina, titania, zirconia
or combinations thereof.

10. The catalyst of claim 9 wherein the metal oxide is
alumina.
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